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Since the accurate measurement of the parameters of Zo decay, it has been
known that there exist only three light neutrinos coupling to the Zo in the manner
prescribed by the standard model. However, this does not rule out the possibility
that additional lepton families exist in which the masses of both the neutrino and
the charged lepton exceed half the mass of the Zo. Such heavy leptons, which will
be designated as L and N , for the charged and neutral varieties respectively, will
be a target of investigation at the next generation of particle colliders.
Many analyses of heavy lepton production have previously been done[1]. In
this talk[2], I will discuss a possibility that has not been a focus of previous
investigation–namely, the possibility that the N is heavier than (or extremely
close in mass to) the L. In the simplest extension of the standard model, with
a fourth generation lepton left-handed doublet and right-handed N and L singlets,
the masses are arbitrary, and thus in half of parameter-space, the N is heavier. In
another simple extension, with a vectorlike lepton family, the masses are degener-
ate at tree-level. Thus, it is plausible that N is heavier than or close in mass to
the L. In this case, the L can only decay via mixing with lighter generations, and
thus could be very long-lived. This, as we will see, has major implications for the
phenomenological detection of such particles.
Two cases will be discussed in the talk. In model I, which is the simplest
extension of the standard model which incorporates very massive neutrinos, the
right-handed N and L are singlets, and we will assume that the N is heavier. The
L can then only decay (primarily into ν + W ) via mixing with lighter generations.
For a 100 GeV L, the lifetime will be given by (in seconds) 10−21/ sin2 θ, where θ
is the mixing angle. In model II, the right-handed N and L form an isodoublet,
and their masses are degenerate at tree-level. In this case, radiative corrections
cause a mass-splitting of O(250) MeV, leading to a lifetime given by the smaller of
10−21/ sin2 θ and 10−9±2 seconds. Clearly, if the mixing angle is very small, then
the L can be very long-lived.
Before discussing the plausible values of the mixing angle, we first consider
the possibility that the mixing angle is extremely small or zero, and that the
L has a long enough lifetime to have cosmological implications (model I). This
possibility has been extensively analyzed in Ref. 3. The L’s cannot be stable, since
their abundance would be sufficiently large that the L−’s would have combined
with protons, making ”heavy hydrogen”, and these would have been detected in
searches for anomalously heavy hydrogen in sea-water. The L’s would also have
been detected directly in plastic track detectors. Thus, they must decay with a
lifetime less than the age of the universe. Since photons will be emitted in the
decay (since the L is charged), these photons could be detected directly. Failure to
observe such photons force the L to have a lifetime less than 1013 seconds. Finally,
if the lifetime is greater than 109 seconds (100 years), the photons would disrupt
the cosmic microwave background, leading to distortions that would have been
seen by COBE. Thus, the lifetime of the L must be less than about 100 years. See
[3] for details.
If the mixing angle is nonzero, then what are plausible values? In see-saw
type models, sin2 θ is given by either mτ/mL of mντ/mN , depending on whether
the mixing can occur in the charged lepton sector or is confined to the neutrino
sector. In the former case, the lifetime is O(10−19) seconds; i.e. the L will decay
at the vertex. In the latter case, however, the lifetime is O(10−11 sec)(10 eV/mντ ).
Thus the lifetime is at least a picosecond, and could easily be long enough to pass
completely through any detector.
One can see that all three lifetimes: (a) decay at the vertex, (b) decay in
the detector and (c) decay outside the detector are possible. Let us consider each
possibility in turn. If the decay is at the vertex, the standard heavy lepton analysis
will apply, and it will appear as if the L decays into a massless neutrino and a real or
virtual W . In Model II (in which the L and N form a vectorlike doublet), however,
there is a GIM violation which leads to the decay L → τ Z. The branching ratio
for this mode is a complicated function of (unknown) mixing angles, but typically
varies between 1 and 100 percent. Even at 1 percent, the background for the τZ
mode will be significantly smaller than the ντW mode, and thus the GIM violating
mode may be the easiest method of detection.
If the decay is in the detector, but away from the vertex, it should be easy to
detect. An apparent muon will suddenly decay into missing energy and a real or
virtual W . The backgrounds should be negligible.
If the decay is outside the detector, the L will be indistinguishable from a muon.
The production cross-section (see [2] for a detailed analysis) is large enough that
thousands of L’s would be produced annually at the SSC, but is small compared
with the muon pair production cross-section, and thus the “extra” muons wouldn’t
be noticed. One possible method of detection would be time-of-flight. Many of the
L’s will have β < 0.9 (see [2] for specific graphs), and thus if timing information
is available, the L’s could be seen. It is interesting that thousands of L’s could be
produced, but that they would be missed if timing information is not present.
Finally, one can consider the case in which (in Model I) the mixing angle
is generated by Planck scale effects (see [4] for several such models in which an
angle of this size occurs naturally). In this case, the lifetime turns out to be
approximately 10 years, barely under the cosmological bound. In this case, one
can seriously consider stopping and collecting the L’s. In Ref. 4, it is shown
that several thousand a year could be produced, stopped and collected in an e+e−
collider with an energy of roughly ten percent above threshold, surrounded by a
segmented detector of liquid argon. They could then be transported away from the
detector site. What could they be used for? The number produced is to small to
use as an energy storage device or explosive, the mass is too heavy to be practical
in fusion catalysis (the limiting factor is the time between a fusion and capture
by the next proton–we estimate under a watt of energy per L could be produced).
One could learn a great deal about nuclear structure from the capture process,
although perhaps not much more than one can learn from other electromagnetic
probes (such as CEBAF). Obviously, it is premature to speculate in much detail
as to the uses of such heavy leptons.
Very little is known about the mass spectrum of fermions in the standard model.
In this talk, I have pointed out that in the simplest extension of the standard
model, in which all right-handed fields are singlets, it is quite possible that a
fourth-generation neutrino will be heavier that its charged counterpart. The latter
will then be very long-lived. Three plausible values of the mixing angle give very
different phenomenology; the charged lepton will either decay at the vertex (albeit
into a massless neutrino), away from the vertex but within the detector, or will pass
completely through the detector. In the latter case, then if the detectors at the
LHC and SSC have the ability to determine the velocity of these particles, they will
look just like muons and be missed. In the extreme case in which the mixing angle
is only generated by Planck scale effects (it can’t be zero for cosmological reasons),
not only is detection possible, but collection for further study may be possible.
Finally, in an alternative model in which the fourth generation leptons form an
isodoublet, the possible decay of the charged lepton into τZ offers a promising,
nearly background free, method of detection.
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